nerve cord, two serotonergic neurons are born, the first
Introduction
In the mouse and rat, serotonergic neurons develop in close proximity to the midline (Jacobs and Azmitia, The development of the central nervous system (CNS) 1992). In fact, culture studies have implicated a function is an extraordinary combination of both complexity and for the midline in vertebrate serotonergic development precision (Goodman and Shatz, 1993) . This is perhaps (Hynes et al., 1995a) . Two important factors identified best exemplified by the myriad exact connections that in these studies are Sonic Hedgehog and FGF (Hynes determine the function of the brain. Axonal connections et al., 1995b; Ye et al., 1998) . Genetic studies in the are largely determined by growth cone migration, which zebrafish have also implicated FGF signaling in serotodepends upon both the makeup of the growth cone nergic development (Reifers et al., 1998 ). In the develand the molecular signals in the environment (Tessieroping CNS of either the grasshopper or the fruit fly Lavigne and . In addition, growth cones (Taghert and Goodman, 1984; Valles and White, 1988), switch directional affinities during the course of devela small number of stereotypical serotonergic neurons opment. For instance, the many growth cones that cross develop that send axons across the midline. This paper the insect midline often take distinct new paths on the examines first the ontogeny of SERT activity in the contralateral connective while ignoring the same ipsilatgrasshopper serotonergic neurons using an in situ quaneral cues on the first pass (Myers and Bastiani, 1993a) . titative approach. SERT activity is only detected after This indicates that a distinct growth cone fate change the growth cones have crossed the midline at the point occurs. It is not known to what extent specific changes where growth cones alter path choice. Removing the in gene expression play a role in these alterations of midline early in development results in the loss of SERT, growth cone path choice, although there is evidence for which is rescued by FGF2, which can induce the phosboth transcriptional (Von Bernhardi and Bastiani, 1995) phorylation of the heartless FGF receptor ( In the three thoracic ganglia, these cells are born at about 36% of embryonic development (1% takes 5 hr; total embryonic development takes about 500 hr). The growth cones of both cells cross the already established posterior commissure and arrive at the other side by 20 hr after birth ( Figure 1A ). In the thoracic ganglia, one of the two serotonergic neurons, s1, sends a growth cone into the neuropil, where it bifurcates and then later forms specific subbranches ( Figure 1B) Figure 1C ). This activity can be quantified by measuring the indirect immunofluorescence due to serotonin staining ( Figure 1F ). Both s1 and s2 express the homeobox-containing transcription factor engrailed, which allows the serotonergic nuclei to be identified irrespective of serotonin staining ( Figures  1C-1E ). This uptake activity is completely blocked by 5 M cocaine ( Figure 1E ). The Drosophila serotonin transporter, dSERT, has been cloned, is expressed specifically in the serotonergic neurons, and is also blocked by cocaine (Corey et al., 1994; Demchyshyn et al., 1994) . Given that the molecular and cellular makeup of the fly and grasshopper CNSs are very similar, the functional activity reported here is very likely to be analogous to dSERT.
Developmental Onset of Serotonergic Uptake Activity
To examine the ontogeny of SERT activity in the grasshopper serotonergic neurons, SERT was assayed in staged embryos. For the embryonic developmental period 36%-40% (0-20 hr after serotonergic cell birth) in which SERT was assayed, embryos were removed every 5 hr from a single clutch. For the period 40%-45% (20-45 hr after serotonergic cell birth), embryos were staged independently on the basis of morphology. Three stages averages is shown in Figure 2F . The first detectable SERT activity is not seen until 20 hr after birth. SERT activity continues to rise from this point on. Serotonin synthesis, as measured using the same protocol except without prebathing in serotonin, is not detected until 70 hr after cell birth, when the s1 growth cones have begun to form subbranches in the target neuropil. The position of the serotonergic growth cones is also plotted as a function of distance migrated anterior from the commissure toward the final target. SERT activity begins shortly before or just about as the serotonergic growth cones arrive at the contralateral connective. There, the growth cones appear to remain for at least 10 hr, after which there is rapid migration to the target neuropil. Thus, SERT activity begins before or during a waiting period that occurs after the serotonergic growth cones have crossed the midline and as they switch to growth toward their targets. Of the 1704 early embryos that have stained positive for SERT activity in the course of these and other experiments, in all cases growth cones had already crossed the midline. This raises the idea that the midline, or crossing of the midline, regulates the onset of SERT activity. To test this, contact between the midline and the serotonergic cell bodies was severed, and SERT activity was assayed. 3B), early serotonergic neurons require the midline or contralateral side to induce or maintain SERT activity, raising the possibility that the midline provides a signal that induces or maintains SERT activity that is removed by cutting away the midline. To identify molecular candidates for this midline signal, various factors and agents that affect signaling were added at various concentrations to the bath containing ganglia such as is shown in Figure 3D , and their effects upon SERT were assayed. One such factor identified in this screen was human FGF2 ( Figure 3E ). Other factors were also tried but failed to induce SERT activity in isolated ganglia. They include Rp-cAMP, IBMX, forskolin, lithium, EGF (epidermal growth factor; human), insulin (human), NGF (nerve growth factor; human), EGTA, tetrodotoxin, nimodipine, staurosporine, pertussis toxin, heparin, and phorbal ester dibutyrate. Each was used at a number of concentrations and showed no visible effect upon SERT activity. This absence of activity might, however, reflect the concentration or conditions under which they were used. Human FGF2 can activate the grasshopper heartless FGF receptor (Condron, 1999) ; thus, an FGF-like molecule is a good candidate for the SERT-promoting midline activity identified in Figure 3D and is implicated circumstantially in timing studies ( Figure 2D ). The FGF2-induced SERT staining seen in Figure 3D is due to SERT and not serotonin synthesis (data not shown); however, the 24 hr period of development used in the experiment in Figure 3 is too long to begin to dissect the signaling components necessary for serotonergic regulation. By experiment, it was found that 2 hr was the minimum culture time needed to observe midline regulation of SERT activity, as was observed in Figure 3 . This 2 hr time period was therefore used to further examine the role of FGF and the midline upon SERT regulation in serotonergic neurons. Figure 5C ). This indicates that the antiserum blocks SERT activity specifically via FGF signaling. However, antiserum has a much lesser effect upon SERT activity at 50 hr ( Figure 5C ). In addition, FGF alone does not increase SERT activity early in development ( Figure 5C , blue and red columns at 10 hr). This indicates that the onset of SERT activity is not simply regulated by physical access to the midline FGF source, as early application of FGF2 does not induce precocious SERT. Therefore, other aspects of the signaling pathway, such as the receptor expression, are also temporally regulated (see below).
Function of Midline in Serotonergic Development

Developmental Analysis of Requirement of Midline for Serotonergic Regulation
Growth cones also behave independently of the cell bodies ( Figures 5D and 5E ). When the midline cuts were made as described above, hemiganglia were created not only with isolated cell bodies but also with isolated growth cones. Severed growth cones are shown ( Figure  5D , arrows) that continue, on both sides, to make SERT. This is striking on the left side, as the cell bodies on this side cease to make SERT due to loss of the midline. Thus, SERT regulation in the severed growth cone is not dependent upon the midline, as it is in the cell body. Such severed growth cones, which continue to maintain SERT in the absence of the midline, were observed throughout these experiments ( Figure 4B, left arrow) . In addition, these severed growth cones can migrate toward their targets. After longer incubations ( Figure  5E ), the s1 growth cones can reach their targets and make the correct bifurcation. Thus, by the time SERT activity appears in s1, at about 20 hr after cell birth, the growth cone target choice has become respecified from growth away from the midline to growth toward the neuropil. (Figures 3A and 3B) to small cuts that separate only parts of the hemiganglia (Figures 3D, 3E, 4B , and 4C) to cuts in which there is no clear gap ( Figure 5D ). In all of these experiments, there is no correlation between the loss of SERT activity and the size of the cut-generated gap. Thus, the critical parameter appears to be axonal contact between the serotonergic cell bodies and the midline. FGF2 rescues the loss of the midline, at least during the latter parts of the midline-dependent period of SERT regulation.
FGF Receptor Expression and Signaling
Midline Figure 3 ). This midline. Severing axonal contact between the serotois compatible with the requirement for synthesis of more nergic cell bodies and the midline results in a loss of FGF receptor, which takes more than 2 hr to replenish SERT activity, but only before the growth cones have after removal of the growth cone. Because the FGF reached their target. In addition, evidence is presented receptor is not expressed until after the growth cones that during at least part of this midline-dependent phase, have crossed the midline, other factors, likely at the SERT activity requires a midline-derived FGF-like molemidline, are involved in this earlier inductive event. cule (Figure 7) .
The function of FGF signaling could be either to induce or to maintain SERT activity. However, the function of Serotonin Uptake and the Midline FGF signaling is likely to be transient, because at 45 hr Quantitative measures of SERT show that activity does SERT activity becomes midline independent ( Figure 4D ). not form in grasshopper serotonergic neurons until the In addition, anti-FGF antiserum fails to significantly growth cones have reached the contralateral connecblock SERT activity at 50 hr ( Figure 5C ). Isolated growth tive. This assay shows that the first SERT activity is not cones lose midline dependence ( Figures 5D and 5E ) for seen until about 20 hr after the serotonergic neurons SERT activity. One explanation for this loss is that the are born. Because there is an inherent error in staging cell body constantly synthesizes an unstable SERT inembryos, it is likely that the onset is slightly later than hibitor whose transport is blocked by the cut. Alternatively, a limiting SERT-activating complex, such as the 20 hr and is more dramatic than indicated in Figure 2F .
